
Techniques sf Water-Resources Investigations 
of ths United States Geological Survey 

MEASUREMENT OF DISCHARGE 
USING TRACERS 

Book 3 

CHAPTER Al 6 

http://www.usgs.gov
njestes
Link back to USGS publications

../index.html


34 TECHNIQUES OF WATER-RESOURCES INVESTIGATIONS 

in tables 5 and 6 provides the total dilution 
factors, Dr, for whatever concentration is used. 
Following the diagram in figure 20, it can be 
seen that the standard, Cs, is equal to SoCDr. 
Thus, C=C$&Dr and the discharge equation, 
substituting net dial readings for concentra- 
tions, is 

Q=5.89x10-7 q (11) 

As an example, the same test conditions as 
those previously used and presented in fig- 
ure 17 are assumed, except that now a three- 
step serial dilution of C must be performed. 
Referring to table 5, a convenient serial 
dilution combination for the case where 
C=2.38~ lo7 pg/L is found on line 3c (for 
C,=10.34), since the injection rate for the esti- 
mated stream discharge was chosen to produce 
a plateau concentration of about 10 pg/L 
(fig. 9). A standard, Cs, is analyzed on the fluo- 
rometer on scale III at the same time the field 
samples are analyzed. This sample gives a dial 
reading of 47.2 for a net of 47.0 (the stream 
background was 0.2). Thus for the stream sam- 
ples taken at 25 minutes after the start of injec- 
tion and having an average dial reading, F, of 
48.6, the discharge may be computed as 

Q=5.89x10-7x31.2 
47 0 1 
&jx(1.02)4.34x~()-7 I 

=40.1 ft% . 

The dilution factor, Dr, was picked from 
column 9, line 3c of table 5 for the standard 
chosen. Note that in tables 5 and 6, the first two 
dilutions for any one concentration, C, are the 
same. Thus the second dilution may be treated 
as a working solution. If the 10.34~pg/L stand- 
ard was not close to that experienced in the 
stream (R did not approximately equal F), 
another standard could be prepared quickly, 
starting with the second dilution. 

This method must be considered the most ac- 
curate of those presented, because only a three- 
step serial dilution of C is involved. Any error 
in preparing the injection solution is elimi- 
nated, and fluorometer dial readings are used 
directly without recourse to calibration curves. 

Appendix B contains a form for recording 
field sampling, fluorometer analysis, and 
calculation of discharge using the constant- 
injection method. It incorporates the use of 
relative concentrations, dilution factors, and 
discharge weighting. Provision is made for 
sampling as many as five locations laterally 
across a flow section; however, on narrow well- 
confined flows, three sampling locations are 
usually sufficient unless the adequacy of mix- 
ing is suspect. Appendix B also contains a com- 
pleted form using the data for the example 
measurements illustrated in figures 17 and 19 
where relative concentrations are used. 

Mixing Length 
The mixing length equation, equation 4, can 

be rewritten as 

(12) 

where the variables are as previously defined, 
except that K is a variable with a value depen- 
dent on the degree of mixing, the location of 
injection and the number of injections. The de- 
gree of mixing is a measure of the degree to 
which a tracer is mixed in the flow; the higher 
the percentage, the more nearly are the concen- 
trations the same laterally. Appendix A shows 
the recommended method of computing per- 
centage of mixing. 

The value of K of 0.1 given in equation 4 is 
for 95-percent mixing with a single-center in- 
jection at midstream. Coefficients, K, for other 
conditions are given in table 7. 

The effect of injecting tracer at n points, 
where each injection is at the center of flow of 
each n equal-flow segment, is that the tracer 
has to mix throughout an equivalent width of 
about (l/n)B. Because B is squared in the 
mixing length equation, the value of K for a 
single-point injection is modified by the factor 
(W2. 

Injection at the side of a channel is equiva- 
lent to an injection into a stream with a width 
of 2B. Because B is squared, the coefficient K 
must be increased by a factor of 4. 
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Table 7.-Values for coefficient, K, for different degrees of mixing and numbers and location of injection 
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Number and Coefficient, K 
location of 
injection points 

Percentage mixing 
90 95 98 

One center injection 0.070 0 .lOO 0.140 

Two injection points a 0.018 0.025 0.035 

Three injection points b 0 .OQ8 0 .Oll 0.016 

One side injection point 0.280 0.400 0.560 

a For an injection made at the center of each half of flow. 

b For an injection made at the center of each third of flow. 

Where the mixing length must be shortened, 
it is best to inject at two or three points in the 
cross section. A line injection is not recom- 
mended, with the possible exception of canals 
where very uniform flow exists across the sec- 
tion (see fig. 21). If the injection rate from a line 
source is not proportional to the flow at each 
point across the section, the use of a line source 
may actually increase the mixing distance. 

Equation 12 is for an injection in the center 
of each flow segment and for a fairly uniform 
channel. If the injection is not in the center of 
flow, the theoretical mixing distance will be 
increased. The equation for mixing provides 
only an estimate of mixing length. Experience 
at a site may indicate a very different mixing 
distance. From a practical and theoretical 
standpoint, the narrower and deeper the flow, 
the shorter the channel length required for 
mixing. Thus, mixing length may change with 
stage; a flood flow that fills the channel may 
require a significantly greater channel length 
than a lower flow because of higher velocity 
and greater width. However, the effect of in- 
creased depth partly offsets this difference. 

A common fallacy is that shallow, turbulent 
whitewater streams produce rapid mixing. 
Turbulence is effective in yielding rapid verti- 
cal mixing, but unless there is substantial 
depth, lateral dispersion occurs gradually and 
the mixing length may be quite long. 

Figure 21.-Multiple dye injection in the approach to a 
Parshall flume; not visible is dye-injection pump, which 
preinjects dye into a hose line from a domestic water supply. 
Eight samples taken across the channel about 10 R below 
the hydraulic jump in the bottom of the picture yielded good 
results. 
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Figure 22.-Tubing used in the fabrication of a one-to-three 
manifold for multiple injection of dye. 

Mixing in pool-and-riffle streams sometimes 
occurs in relatively short distances, although 
the time to reach an equilibrium plateau (in 
the case of a constant-rate injection) should not 
be underestimated. Streams with deadwater 
areas or shallow side flows should be avoided; 
such conditions produce the long, attenuated 
tracer clouds requiring long injection times. 

For further information on mixing, see 
Yotsukura and Cobb (1972). 

Injection Schemes 
In most cases, a single-point injection of dye 

is used. The injection line may ordinarily be 
placed over the flow with no difficulty, as 
shown in figure 16. In somes instances, how- 
ever, excessive stream width or depth and flow 
velocities or the lack of bridges may make 
proper placing of the injection line difficult. If 
the station is one where dye-dilution measure- 
ments are to be made repeatedly, it may be 
worthwhile to install a permanent apparatus. 
Figure 13 shows a 5-gal can mariotte vessel 
positioned over a stream by use of a light cable 
and trolley. In this instance, the injection rate 
is measured volumetrically several times with 
a lOO-mL graduated cylinder and stopwatch 

Figure 23.-Fabricated manifold for three-point multiple dye 
injection; the three lengths of tubing should be equal to 
produce three equal injection rates. 

before allowing the mariotte vessel to roll out 
over the stream. A light rope is secured to the 
vessel for recovery. 

Where a pump is used, the injection line may 
be permanently secured over the stream by at- 
taching it to a cableway, running it through a 
pipe, or attaching it to the underside of walk- 
ways and bridges. In each case, the pump is 
attached to the line for injection and, upon com- 
pletion of the measurement, a solution of alco- 
hol and water is flushed through both the pump 
and line. 

Multiple injection may be desirable in wide 
channels with shallow flow or where rapidly 
varying flow is to be measured and mixing 
lengths are to be minimized. If a multiple- 
injection scheme is needed, multiple lines may 
be permanently located to distribute the dye 
injection in approximate proportion to the flow. 
Figures 22 and 23 show the fabrication of a 
one-to-three tube manifold device to permit a 
three-point injection from a single injection 
source. The manifold consists of three equal 
lengths of l/16-in-diameter thin brass tubing 
nested and soldered inside a 3/8-in section of 
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brass tubing. A l/&in piece of copper tubing is 
soldered into the other end of the 3Bin tubing 
to receive the discharge tube from a pump. 
Three plastic lines of equal length are led to the 
stream for positioning over the flow. 

Another approach involves the preinjection 
of the dye into a larger line leading to a sprin- 
kler line. In figure 21, a sprinkler line consist- 
ing of a perforated rigid pipe is placed over the 
approach of a Parshall flume. Unchlorinated 
tap water from a domestic hose line is fed to the 
pipe; dye has been preinjected into the hose, 
permitting it to mix with the larger flow of tap 
water before discharging through the sprin- 
kler. An injection pump or chemical-feed device 
capable of injecting under pressure is neces- 
sary. The injection rate is calculated by meas- 
uring volume or weight change with time, as 
discussed previously. 

A sprinkler-type system across the flow 
should not be used to shorten the mixing dis- 
tance unless the flow is fairly evenly dis- 
tributed across the channel. If the flow is not 
evenly distributed, use of a sprinkler system 
may actually increase the mixing distance. 

Dye Losses 
The section on theory discusses the princi- 

ples involved in performing slug and constant- 
rate dye-dilution discharge measurements. Ex- 
perience shows that measurement errors are 
often falsely attributed to dye losses. As can be 
seen from equation 9, a dye loss would produce 
a low value for C, and the computed discharge 
would be high. In many instances, failure to 
inject long enough or sampling too soon results 
in low values of c, particularly along the stream 
banks (see fig. 3). Using a sufficiently long in- 
jection and waiting long enough to sample will 
permit the slowly developing plateaus along 
the banks to stabilize. Dye losses do occur, but 
the above cautions need to be emphasized. 

Real dye losses occur where excessively long 
stream reaches are involved; where there is 
finely suspended sediment, particularly clay or 
flocculent organic particles; and where chemi- 
cals like chlorine oxidize or quench the dye. To 
avoid quenching, measurements should not 
normally be made on streams having a pH less 
than five (Smart and Laidlaw, 1977). Where a 

low pH does exist, the use of pontacyl pink dye 
is advisable. Dye losses have also been noted on 
very turbulent streams. The high oxygen levels 
may oxidize the dye in the same way that chlo- 
rine does. 

If the stream to be measured may contain 
substances that can cause a dye loss, a gallon of 
the stream water should be obtained for labora- 
tory use in preparing a standard to be com- 
pared with a duplicate one prepared from dis- 
tilled water. The laboratory work must be done 
promptly, because the chemistry of the river 
water may change if it is stored too long. A 
stream-water standard may be prepared in the 
field at the time of the dye test if a 100~pg/L 
working solution for the dye lot is available. 

The preparation of a complete set of stand- 
ards from stream water with the objective of 
cancelling any reactions that may be taking 
place in the stream is to be discouraged. Nor- 
mally, it is difficult to replicate reactions be- 
tween dye and stream water in a bottle. Stand- 
ards should provide absolute values without 
the uncertainty inherent in using water that 
may produce unpredictable results. 

Adhesion of the dye to particle surfaces does 
not appear to take place immediately. In spe- 
cial situations, dye losses from adhesion on fine 
sediment have been avoided by immediate fil- 
tration of the samples to minimize the exposure 
of the dye to particles. 

Tests by Rathbun (USGS, written communi- 
cation, 1983) indicate that significant losses of 
rhodamine WT may occur where diluted con- 
centrations are exposed to direct sunlight for 
several hours. Thus, excessive reach lengths, 
like those used in time-of-travel studies, may 
result in significant photochemical decay of 
rhodamine WT dye. Most exposure times for 
dye-dilution discharge measurements are short 
enough that photochemical decay losses are not 
a problem. 

Special Measurements 
Beneath ice 

The measurement of discharge in ice-covered 
streams by conventional current-meter meth- 
ods is laborious and often of questionable accu- 
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racy. On small streams, the dye-dilution 
method of measuring discharge is particularly 
useful under such conditions because it does 
not depend on measurement of either the flow 
area or velocity. 

Site preparations 

For most small streams, a single, midchan- 
nel dye injection is sufficient. Preparations, in- 
cluding selection of the reach length, are the 
same as the criteria discussed in the earlier 

. section for the slug-injection test. Equation 4 
can be used to estimate the mixing length; the 
deeper and narrower the channel, the better. 

Unlike open-channel, current-meter flow 
measurements, selection of the channel reach 
is not limited by availability of bridges; a firm 
ice cover will permit ready access to the stream 
for placing equipment and selecting the injec- 
tion and sampling sites. Unlike current-meter 
measurements beneath ice, only very small 
holes need be drilled through the ice for injec- 
tion and sampling. A single l/2-in-diameter 
hole through the ice in the centroid of the flow 
is used for the injection. It may be necessary to 
drill several exploratory holes to find the main 
flow. It is well to select a measurement reach 
before freezeup. The injection line may be sup- 
ported beneath the ice by inserting it inside a 
3/8-in-diameter metal or plastic tube. This tube 
will usually vibrate when projected into the 
main flow and this can be used as a guide in 
selecting the centroid of flow. As shown in fig- 
ure 24, the dye-injection line should be posi- 
tioned well beneath the ice but clear of the 
streambed. Slush ice conditions immediately 
downstream from the injection should be 
avoided. 

Three to five small holes should be drilled 
across the channel at the section chosen for 
sampling. An ordinary carpenter’s brace and 
long auger wood bit may be used to cut the 
small holes through the ice. The spiral helps to 
remove ice cuttings (see figs. 25 and 26). Grind- 
ing off the small starting tip of the wood bit 
makes it more suitable as an ice auger. Because 
of the smallness of the holes, they may have to 
be marked with rocks or sticks to be readily 
located when needed. Too small a hole may 
cause drill freezeup, and the hole itself is apt to 
freeze back before it can be used. 

Tracer preparation and injection 

For a constant-injection test, the amount of 
tracer needed should be calculated from the 
estimated discharge and the graph in figure 9. 
The constant-injection type of test is recom- 
mended for measurements beneath ice. Rho- 
damine WT dye 20-percent solution as received 
from the manufacturer has a specific gravity of 
approximately 1.19. Normally, this solution is 
mixed with water in amounts such as shown in 
tables 3 and 4. When performing dye-dilution 
measurements under freezing conditions, the 
addition of antifreezing agents such as 
methanol alcohol or glycol is mandatory if the . . m -Volumetrically calfbrated clear 

plastlc marmtte vessel contamlng 
0 dye-water-alcohol mixture 

%-inch tube 

(A) ln)ectlon system for measurement beneath ice 

step 1 
Blow staanant 
water out of 
J/4 Inch plastic 
tube placed at 
mid-depth 

Flow I) 

step 3 
Transfer contents 

step 2 - Y to sample 
Draw up water 
sample 

contamers 

II 

fB) Method of “plpettmg” water samples from under the Ice 

Figure 24.-Dye-dilution discharge measurement under ice 
cover. 
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Figure 25.-Dye injection under ice cover, using a chemical- 
feed tank. An auger is used to drill holes through the ice and 
a tube is used to draw background samples from under the 
ice before injection. 

small injection rates used are not to be inter- 
rupted or altered by solution freezeup. 
Automobile-type antifreeze should not be used 
because it frequently contains sealers and rust 
inhibitors that may clog the injection appara- 
tus. Methanol alcohol is recommended for addi- 
tion to dye-water solutions because it has a 
specific gravity of 0.80 and, if added in equal 
proportions to the dye, will yield essentially a 
neutrally buoyant mixture. Figure 27 shows 
the amount of alcohol to be used for a given 
temperature. The sum of the water and alcohol 
should equal the volumes of water shown in 
column 2 of table 3 or the total volume of water- 
dye mixture in column 3, table 4. Unless a neu- 
trally buoyant solution is used or the injection 
solution is below 2 percent concentration, the 
injection rate should not be determined by 
weighing; volumetric-displacement methods 
should be used, if possible. 

Figure 26.-Sampling under ice cover as part of a dye-dilution 
discharge measurement; an auger is used to drill three to 
five holes through the ice across the channel at a suitable 
distance downstream from the injection, and a tube is used 
to draw samples. 
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Figure 27.-Proportions of methanol alcohol and water-dye 
solution needed to prevent freezing of mixtures at selected 
temperatures. 
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Dye injection using the constant-rate pump 
for withdrawing the dye solution from a gradu- 
ated cylinder is recommended. The backpack 
enclosure shown in figures 11 and 12 is sug- 
gested, for it protects the equipment from freez- 
ing winds. As shown in figure 24A, a mariotte 
vessel may be substituted for the constant-rate 
pump by using a funnel and tube arrangement. 
All equipment should be thoroughly flushed 
with an alcohol-water solution upon comple- 
tion of the measurement. 

Sampling 

It is important that the water sample be 
taken below the ice in flowing water. To obtain 
a representative sample, a rigid plastic tube 
with a l/4-in inside diameter is inserted 
through the ice hole until the tube is below the 
ice but not hitting the streambed. If the flow is 
swift, the plastic tube will vibrate in the flow. 
This and the depth at each sampling hole can 
be a guide in estimating the proportion of flow 
to be allotted each sample. Draw freshwater up 
into the tube, taking care not to swallow any, 
and immediately blow it back out. That washes 
out previous samplings and removes any stag- 
nant water that may enter the tube as it is first 
lowered through the hole. Next, draw or pipet 
in a freshwater sample, hold it in the tube by 
placing a finger over the top, and withdraw the 
tube from the hole, transferring the contents to 
suitable containers. Samples of about 15 to 
20 mL are needed for laboratory analysis. In 
addition to the river samples taken during the 
actual dye tests, water samples for background 
analyses should be taken before the injection. 

Analysis 

The samples should be protected from freez- 
ing and returned to the laboratory for the usual 
anlaysis. Analyses and computations are the 
same as those described for other dye-dilution, 
constant-injection discharge measurements. 

Canals and pipes 

The data shown in figures 8 and 17 for a 
small, moderately sloping stream with a depth- 

to-width ratio of 1 to 20 and a mixing length of 
700 ft are typical of a natural stream. Using 
those data and referring to figure 2, the total 
time of passage of a slug-response curve, Tn, 
was 7 minutes, and a stable plateau concentra- 
tion was achieved 12 minutes after the start of 
injection. Had greater mixing distances been 
empioyed or had the natural channel contained 
more slack-water zones, a longer period of in- 
jection would have been necessary before a 
plateau was reached. 

When a tracer is slug injected into manmade 
canals or pipes, the resulting response curves 
are much less elongated than those depicted in 
figures 1,2, and 3 because of the lack of slack- 
water areas. Consequently, the plateau in re- 
sponse to a constant-rate tracer injection will 
also be reached rapidly in lined canals and 
pipes. Figure 28 shows time-concentration data 
obtained from a 4-minute-duration, constant- 
rate injection in a large irrigation canal in Col- 
orado. Note that, although the distance was 
more than a mile, a plateau was reached within 
3 minutes, 16 minutes after the start of injec- 
tion. The mean velocity in this canal during the 
measurement was more than 7 ft/s; as seen in 
equation 4, the mixing length required is di- 
rectly proportional to the mean velocity. Thus, 
in such structures, the time for mixing may be 
brief but the distance large. 

Similar results may be expected in pipes and 
other manmade conduits where velocities are 
high and pools and rimes nonexistent. If ade- 
quate mixing lengths are physically available, 
excellent dye-dilution measurements can be 
made in such structures. 

Measurement During 
Unsteady Flow 

Concepts 

According to the constant-rate injection for- 
mula for discharge, equation 2, if tracer is in- 
jected continuously at a constant rate into a 
flow varying as shown by the solid line in fig- 
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Figure 28.-Rapid measurement of discharge in a lined canal by dye dilution, Charles Hanson Canal, Colorado. 

ure 29A, the inverse tracer concentration 
graph shown as a dashed line results. Theoret- 
ically, any sample taken (assuming adequate 
mixing) during such an unsteady flow would 
be a measure of the discharge at that instant. 
Thus, interesting possibilities exist for the ac- 
curate measurement of unsteady or rapidly 
varying flow. 

Unfortunately, certain factors limit the de- 
gree of unsteadiness that can be measured 
practically by dilution techniques. Fortu- 
nately, field tests show that the method can be 
used and equation 9 applied for rather high 
degrees of unsteady flow. Additional laboratory 
and field tests are in progress to attempt to 

define the conditions and’limits of use of the 
constant-rate injection method for the meas- 
urement of unsteady flow. 

For the theoretically correct measurement of 
unsteady flow using a continuous injection, a 
given element of tracer would have to mix in- 
stantaneously in the flow element into which it 
was injected. That is, the longitudinal disper- 
sion that produced the ever-elongating tracer 
response curves shown in figure 1 could not 
exist. But of course it does exist; and, in steady 
flow, the plateau is produced by the summation 
of the superposed slug-response curves, as 
shown in figure 2, which are shaped by longitu- 
dinal dispersion. The greater the elongation of 
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B. Conceptualized slug responses that occur at different discharges; 
every other response curve is shown. 

Figure 29.-Constant-rate injection into unsteady flow. 
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the characteristic slug-response curves, the 
greater the probable error in a constant- 
injection dye-dilution measurement in 
unsteady flow. 

A precise theoretical analysis of a continuous, 
constant-rate tracer injection into unsteady 
flow has not yet been accomplished. Some idea 
of the factors involved can be ascertained, con- 
ceptually at least, by using the superposition 
principle discussed in the section on Theory, in 
which the plateau resulting from a constant 
injection of tracer into steady flow is simulated 
by superposing the characteristic slug-response 
curves (fig. 2). In figure 29B, the characteristic 
slug-response curves are superposed but in- 
creased or decreased in concentration to reflect 
the dilution that would occur if each slug mass 
were mixed into its respective element of flow. 
Furthermore, as flow depth and velocities in- 
crease at the higher stages, longitudinal dis- 
persion typically decreases; that is, slug- 
response curves become shorter in time of 
passage and, thus, favorable to an accurate di- 
lution measurement of unsteady flow. At the 
same time, it is probable that the mixing 
length required to measure the discharge hy- 
drograph shown in figure 29A would be the 
longest (mixing length would change primarily 
due to change in depth and velocity) at the 
higher discharges until bankfull stage was 
reached. Thus, the reach length chosen would 
have to be greater than necessary for the lower 
discharges and the characteristic response 
curve for the lower stages elongated exces- 
sively over that needed for an accurate dilution 
measurement. This occurs particularly when 
pool-and-riffle rather than channel-control 
flow conditions exist. The characteristic re- 
sponse curves shown in figure 29B have, there- 
fore, been altered from the steady-state shape 
to reflect dilution and change in longitudinal 
dispersion with stage and discharge. Figure 29 
provides conceptually the following insights 
into what is apt to happen with the continuous 
constant-rate injection into an unsteady flow 
and where the best accuracy for discharge 
measurements is likely. 

1. Greatest errors are apt to occur on the 
rapidly changing rising limb of the discharge 
hydrograph. 

2. Lesser longitudinal dispersion at higher 
stages just past the peak and on the recession 
will result in the most accurate results dur- 
ing this part of the hydrograph. 

Results 

Constant-rate, dye-dilution measurement 
tests of unsteady flow have been successfully 
performed by F. A. Kilpatrick, by Katz and 
Fischer (1983), and by M. D. Duerk (U.S. Geo- 
logical Survey, 1983). Duerk was successful in 
accurately measuring discharge by the 
constant-injection method for rates of change 
in stage of as much as 5 ft/hr (550 ft3/s/hr) on a 
recession. While limited, his data showed 
greater errors for measurements on the rising- 
stage portion of hydrographs. Constant- 
injection dilution measurements by the senior 
author in a lined canal in Colorado indicated 
good accuracy on a recession having a rate of 
change of stage of 1.6 ft/hr (360 ft3/s/hr) but 
with poor results on a rising hydrograph: -10 
percent on the average for a 5.5 ft/hr rate of 
change (940 ft3/s/hr). 

Automatic dilution gaging 

There has always been a need to measure 
flows and develop ratings for small streams. 
The need has increased as interest has in- 
creased in land-use impact resulting, for exam- 
ple, from urban development and coal mining. 
Flows from small basins are characteristically 
unsteady with rapidly changing stage hydro- 
graphs of 1 to 6 hours duration and turbulent, 
high-velocity debris and sediment-laden flows. 
Such conditions make conventional measure- 
ment by current meter virtually impossible. 
Remoteness of the small basins and the unpre- 
dictability of flow events further complicate 
conventional measuring techniques, even if 
measuring such streams were physically 
possible. 

The application of dilution gaging to the au- 
tomatic measurement of runoff hydrographs 
involves the marriage of any one of the types of 
injection apparatus previously discussed with 
some sort of water-sampling system located at 
the gage site. The system is activated by a 
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stage or discharge indicative of storm runoff. 
Such a system could be installed at a station 
until rated and then moved to other stations as 
needed. 

Injection system 

Figure 30A shows a recommended injection 
system with these features: 

1. A constant-head mariotte tank has been 
coupled with a la-volt constant-rate injection 
pump, thus sealing the dye reservoir from 
dirt and evaporation and improving pump 
performance by ensuring constancy of injec- 
tion rate. 

2. A small graduated section (see mariotte 
vessel on the right in fig. 14) has been incor- 
porated into the top of the larger mariotte 
reservoir to permit checking the flow rate 
each time the station is visited.4 It is impor- 
tant that an accurate measurement of the 
injection rate be obtained and that it reflect 
the resistance from the plumbing of the injec- 
tion apparatus. This is especially true of a 
multiple-injection scheme. A dye solution of 
the same concentration should be added to 
the tank after each rate check, keeping the 
tank full. 

3. A valve and flushing-tank arrangement is 
incorporated into the system to allow cleans- 
ing of the pump and injection lines each time 
the system is visited. An alcohol solution 
should be used as a flushing agent to cleanse, 
prevent freezing, and discourage insects from 
entering the injection lines. 

4. The injection may be initiated by a stage 
sensor at the injection site or by hard-wire 
relay from the sampling station. Stage sen- 
sors should be set to initiate and stop injec- 
tion above and below a given stage. 

5. The dye reservoir should be adequate for a 
continuous injection throughout the expected 
duration of the hydrograph. 

%th ere is sufficient flow at the time of a routine visit, the flow-rate 
check might also be made a routine dye-dilution discharge meas- 
urement, thus lending confidence to future automatic measure- 
ments. 

The dye solution should contain alcohol if 
freezing conditions are expected. The concen- 
tration of the solution and the pump rate 
should be sufficient to yield concentrations of 
about 5 p,g/L using rhodamine WT 20 percent 
(see fig. 9) at the maximum expected dis- 
charge. 

7. Unless the channel reach above the gaging 
station where sampling is to take place is 
narrow and the flow likely to be highly tur- 
bulent, a two-point injection is recommended 
to minimize the necessary mixing length. As 
can be seen from the section on Mixing 
Length, a two-point injection shortens mix- 
ing length by a factor of four, compared to 
single-point injection. 

Sample recovery system 

Several commercial, bottle-type water sam- 
plers are available and may be incorporated 
into a recovery system. The recommended sam- 
pling system is shown in figure 30B and should 
have these features (Duerk, 1983): 

1. It must be capable of obtaining a sample 
when flow velocities are high, preferably 
from an intake located well within the main 
flow. 

2. The sampler must take discrete samples 
and not allow cross-contamination between 
samples. For highly responsive streams, the 
shortest pumping time necessary to obtain a 
sample should be used so that each sample 
more closely represents an exact stage and 
discharge. 

3. Individual samples must be coordinated 
with stage and time. 

4. As with all dilution-discharge measure- 
ments, background samples are needed. This 
may be done by having the sampler turn on 
simultaneously with the dye-injection sys- 
tem so that a sample is obtained before the 
dye arrives. 

The technique suggested in (4) above would 
not allow evaluation of background during the 
dye-injection period, and the assumption would 
have to be made that once the samples had 
been permitted to set in the laboratory, back- 
ground was constant. If rhodamine WT dyes or 
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Figure 30.-Automatic injection and sampling systems for dye-dilution measurement of unsteady flow. 
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pontacyl pink are used, that is probably a safe 
assumption. If other tracers are used, variation 
in background with flow may be a problem. The 
collection of samples upstream from the injec- 
tion system at selected stages during the flow 
event would provide evidence of any back- 
ground variation. 

The biggest deterrent to the accurate dye- 
dilution measurement of storm-produced 
runoff flows is possible error due to dye losses 
in flows transporting large sediment loads, par- 
ticularly fine clay sediments. That source of 
error can be partly countered by using high dye 
concentrations where permissible and possibly 
by developing a means of filtering the samples 
immediately upon collection. 

Velocity Area 
Measurements 

One of the earliest forms of discharge meas- 
urement was the “salt-velocity” method (Allen, 
1927). It consists of measuring the time of pas- 
sage of a pulse of sodium chloride in a full- 
flowing conduit of uniform and known cross- 
sectional area and length. Using that 
technique, the discharge may be computed as 

(131 

where V is the volume of the conduit through 
which the lapsed time of travel of the tracer, t,, 
is measured. 

That method is still entirely feasible and 
very accurate for discharge measurement 
using a variety of tracers. Tracer losses no 
longer become a factor, the only essential re- 
quirements being a single uniform-flow cross 
section throughout the test reach and a steady 
flow. Fluorescent dyes are well suited to such 
measurements (Harris and Sanderson, 1968). 

The following precautions should be taken: 

1. Lapsed time, T,, should be based on mea- 
surements of the centroids of upstream and 
downstream time-concentration curves. 
Lapsed time should not be based on time 

from slug injection to downstream time- 
concentration curves unless unavoidable or 
the distance between observation points in 
very large. 

2. Careful synchronization of the time be- 
tween observation points is essential. 

3. Physical dimensions of the conduit need to 
be thecked if feasible; as-built dimensions 
may be slightly different from blueprint di- 
mensions. A slug-injection type dye-dilution 
discharge computation may also be made, 
using the same data as for the velocity test. 
Then condiut geometry would not be a factor 
in the accuracy of the measurement. Assum- 
ing that mixing length is adequate and care 
is exercised in performing the test, as dis- 
cussed previously, the discharge by dilution 
should confirm the results of the velocity test 
(using the same data) if the volume of the 
conduit is correct. 
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APPENDIX A 
COMPUTATION OF PERCENTAGE MIXING . 

Computation of 
Percentage Mixing 

The degree of mixing of a tracer is a measure 
of the extent to which mixing has occurred lat- 
erally in a channel cross section. Thus, when a 
tracer is uniformly mixed across a channel, the 
degree of mixing is 100 percent. From a theo- 
retical standpoint, loo-percent mixing requires 
an infinite channel length, but for practical 
purposes, mixing on the order of 95 percent is 
ordinarily sufficient to yield an accurate dis- 
charge measurement. When greater accuracy 
is required, mixing on the order of 98 percent 
may be desirable. 

Ordinarily, the computation of percentage 
mixing is not necessary, because inspection of 
the concentration data will indicate the ade- 
quacy of mixing. Furthermore, if those data are 
discharge weighted, less than ideal mixing is 
acceptable. Several mixing equations exist; the 
one by Yotsukura and Cobb (1972, p. C5) is 
recommended. This may be expressed as 

P,=lOO-~ ~ Ici-clQi (14) 
i=l 

where ci are the concentrations at points i 
across the section or, if the slug injec- 
tion is used, the areas under the 
concentration-time curves as meas- 

ured at those same points. Fluorome- 
ter dial readings adjusted for back- 
ground may be used in lieu of 
concentrations if all are on the same 
scale; 

C is the average of the plateau concen- 
trations, Ci, as determined by dis- 
charge weighting or by arithmetic av- 
eraging; dial readings adjusted for 
background may also be substituted if 
all are on one scale; 

Qi are the discharges applicable to the 
points, i; and 

Q is the total stream discharge and must 
equal the sum of the Q/s. 

The term Ici-CI results in absolute values. 
An example computation of percent mixing 

follows, using the data from the example de- 
scribed in figure 18. 

P,=lOO-[)32.0-44.4)3+)42.0-44.4)5+]58.4 

-44.4]11+]40.0-44.4]17+]37.2-44.4141 

50 
44.4x40 

=P,=lOO-[]12.4]3+]2.4]5+]14.0]11 

+]4.4]17+]7.2]4]0.0282 

=91.3 percent. 
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